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Abstract
Humans are exposed to a cocktail of heavy metal toxicants in the environment. Though heavy metals  
are  deleterious,  there  is  a  paucity of  information on the toxicity  of  mixtures.  In  this  study,  four  
common  neurotoxicity  heavy  metals  lead  (Pb)  cadmium  (Cd),  arsenic  (As),  and  methylmercury 
(MeHg)  were  exposed  individually  and  as  mixtures  to  HT-22  cell  line  for  8  days.  The  study 
established that low dose exposures induced toxicity to the HT-22 cell line during 8 days. The results  
indicates potency dependent response, the toxicity of single metals on the HT-22 cells; MeHg > As >  
Cd > Pb.  The cytotoxicity data of single metals were used to determine the mixtures interaction  
profile  by  using the dose additivity  and effect  additivity  method.  Metal  mixtures  showed higher 
toxicities compared to individual metals. Synergistic, antagonistic or additive effects of the toxicity 
were observed in  different  mixtures  in  low dose exposure.  The interactive responses of mixtures  
depend on the co-exposure metal and their respective concentration. We concluded that the combined 
effects should be considered in the risk assessment of heavy metal co-exposure and potency. In future,  
comprehensive  mechanistic  based  investigations  needed  for  understanding  the  real  interactive 
mixtures effects at molecular level.
Keywords: Mixture toxicity; Metal mixtures; Cytotoxicity; Apoptosis; Isobologram analysis.
Abbreviations: Ach E = Acetyl cholinesterase E, ANOVA = Analysis of variance,  As = Arsenic, 
CA=  concentration  addition,  CI=  combination  index,  DMEM  =  Dulbecco’s  modified  Eagle’s 
medium,  FBS = Fetal  bovine  serum,  GABA = ¥-gamma-amino butyric  acid,  GAD = Glutamate 
decarboxylase,  LC50 =  Lethal  concentration  50,  LTP =  Long-term potentiation,  MeHg = Methyl 
mercury,  MTT  =  3-(4,  5-dimethylthiazol-2-yl)-2,  5-diphenyl  tetrazolium  bromide,  NMDA  =  N-
methyl  D-aspartate,  OD =  optical  density,  Pb  =  Lead,  PI  =  propidium iodide,   SD =  Standard 
deviation, WHO = World Health Organization.
1. Introduction 
Heavy metals are environmental pollutants of great concern because of their persistent occurrence,  
arising  from  increasing  industrialisation  and  other  anthropogenic  activities  (Al-Khashman  and 
Shawabkeh, 2006; Nadal et al., 2004; Yu et al., 2011). Exposure to heavy metal compounds including 
lead (Pb), cadmium (Cd), arsenic (As), and methyl mercury (MeHg) has long been known to cause  
damage to  human health (Mari et al., 2014; Morais and Garcia, 2010). The organs affected by these 
metals are  kidney, lung, liver, gastrointestinal and haematological systems, mainly the peripheral and 
central nervous systems (Angelica and Fong, 2014). Because of their high degree of toxicity, these 
four elements rank among the priority metals that are of great public health concern (WHO, 2010). 
Exposure to MeHg and Pb has a significant effect on the human brain and, are well known to target 
the central nervous system (Aschner et al., 2007; Clarkson, 1987; Maynard et al., 2005; Sanders et al., 
2009). Exposure to Cd also severely affects the function of the nervous system, leading to parkinson 
like  symptoms,  and  learning  disabilities  (Viaene  et  al.,  2000;  Wang  and  Du,  2013).   The  exact 
mechanism and its neurotoxic effects, however,   unresolved (Kumar et al., 1996; Mendez-Armenta 
and Ríos, 2007). Recently, it has been found that As is also linked to developmental neurotoxicity 
(Luo et al., 2009; Rodriguez et al., 2002; Tyler and Allan, 2014). 
The brain is a critical target organ for Pb, MeHg mediated cognitive dysfunction effects, and  Cd, As 
are also highly influences the brain in continuous exposure (Giasson et al., 2002). Numerous studies 
have been done on the toxicity of individual metals to a brain (Wu et al., 2016). In an individual metal 
mode of action, Pb, As and MeHg has been found as potent neurotoxicants (Johansson et al., 2007; 
Sadiq et al., 2012;  Tyler and Allan 2014).  Experimental studies proved that Cd also influences the 
cognitive function of the brain  (Hart et al. 1989; Luo et al. 2009; Viaene et al. 2000). Generally, 
humans are exposed to these metals in a simultaneous manner (Stackelberg, 2013). The simultaneous 
exposure  may exacerbate  the  toxic  effects,  most  of  the  heavy metals  are  known  to  increase  the 
sensitivity to cognitive dysfunction and neurodegenerative outcomes  (Clarkson 1987; Snyder et al. 
2005). In a recent review, we reported that the combination of metals may produce more/ less than  
additive due to their common binding affinity with NMDA receptor (Pb, As, MeHg), Na +- K+ ATP 
ase pump (Cd, MeHg), biological Ca+2 (Pb, Cd, MeHg), and glutamate neurotransmitter (Pb, MeHg) 
(Fig 1) (Karri et al., 2016). 
Chemical   mixtures toxicity is   effectively an infinite problem, and it  is an ongoing challenge to 
integrate  this  issue into regulatory regimes  (Sarigiannis  and Hansen,  2012;  Sharma et  al.,  2016). 
Testing of all kinds of mixtures of chemicals existing in the real world or of all possible combinations  
of a simple mixture of different dose levels is virtually impossible  (Orton et al., 2014). Moreover, 
even if toxicity data of individual chemicals are available, we are still facing the immense problem of 
extrapolation of findings obtained at relatively high exposure concentrations in laboratory animals to a 
man being exposed to lower concentrations  (Cassee et al., 1998). More than 95% of toxicological 
research  studies  are  focused  on  single  chemicals  and  almost  completely  neglect  the  mixtures 
(Kortenkamp et al., 2009). The available toxicity data for the mixtures of metals are very limited. 
Studies on exposure to heavy metal mixtures are critical since there is a lack of information on the  
toxicities  and  associated  mechanisms.  Some reported  binary  mixture  data  of  As,  Cd,  and  Pb on 
various biological endpoints are inconsistent for the same endpoints from study to study and are less 
relevant in terms of risk assessment (ATSDR, 2004). On the hand, prediction of mixtures effects is a 
great challenge because synergism or antagonism in a combination of two or more chemicals may 
occur  and  no  currently  available  mathematical  model  can  predict  or  fully  solve  this  problem 
(PapeLindstrom and  Lydy,  1997).  Previously  reported  studies  have  established  toxicity  of  metal 
mixtures on various organs and their functions: the immune system ( Jadhav et al., 2007a), mortality 
(Vellinger et al., 2012), neurotoxicity (Hu et al., 2013; Rai et al., 2013), bladder cancer (Feki-Tounsi 
et al., 2013) cytogenicity (Jadhav et al., 2006), induction of oxidative stress ( Jadhav et al., 2007b), 
and metal mixtures interactions on essential elements  (Cobbina et al., 2015). Recommendations for 
study design and evaluation of combined effects of metal mixtures are not clear (Tichý et al., 2002). 
The regulatory frameworks such as REACH in the EU are becoming more and more critical regarding  
the  use  of  animal  testing  (Cedergreen,  2014).  There  are  various  risk  assessment  methods  for 
evaluating combined exposures in practice, these methods are derived from the dose addition concept 
and effect addition  (Scholze et al., 2014).
Figure 1.  Conceptual diagram of metal mixtures exposure- toxicology- disease outcome scenario 
(hippocampus) (Karri et al., 2016)
 Recent  advancement  in  vitro techniques,  with an appropriate  target  cell,  may allow an accurate 
understanding of metal mixtures toxicity. However, the in vitro effects were specific to cell lines and  
exposure conditions. There is an ongoing discussion regarding the most appropriate method for the 
evaluation of mixtures interactions (Kortenkamp and Altenburger, 1998); so two methods have been 
employed in this study: the effect additivity model  (Axelrad et al., 2002) and the alternative dose 
additivity model (Berenbaum, 1978). The present study explores the toxicity of individual and binary 
mixtures of Pb, Cd, As, and MeHg after 8 days exposure to HT-22 hippocampal cell line. 8 days  
exposure used in this study is considering the maximum stability of cell confluence (80-85%). For 
elaborating the hypothesis, we performed cytotoxicity and apoptosis of Pb, Cd, As, and MeHg alone 
in the mice HT-22 hippocampal cell line. Further, we extended the binary mixtures interactions study 
by  using  the  response  addition  and  dose  addition  whether  they  interact  with  one  another  when 
combined. 
2. Materials and methods
2.1. Chemicals and media
Lead chloride (PbCl2 [CAS no: 7758-95-4]), Sodium metaarsenite (NaAsO2 [CAS no: 7784-46-5]), 
Cadmium chloride (CdCl2 [CAS no:  10108-64-2]),  Methyl  mercury chloride (MeHgCl2 [CAS no: 
115-09-3]),  Dimethyl  sulphoxide  (DMSO  [D5879]),  3-(4,  5-dimethylthiazol-2-yl)-2,  5-diphenyl 
tetrazolium bromide (MTT [M5655]), trypsin (TrypLE [Gibco: 12604013]), all are analytical grade 
and purchased from Sigma-Aldrich Química, S.L- Madrid (Spain).
2.2. Cell line and reagents 
Among various research tools, neuronal cell lines are the most commonly used in vitro model for  
relevant  mechanistic  studies.  With particular  concerns  for  memory and alzheimer  disease related 
studies, hippocampal neuronal cell lines are very limited. HT-22 is one cell line subcloned from its 
parent line HT4, which are immortalized mouse hippocampal neuronal precursor cells. The HT-22 
cells have been used as a hippocampal neuronal cell model in numerous studies. 
The HT-22 cells were a generous gift from Dr. David Schubert (The Salk Institute, La Jolla, CA). HT-
22 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM [D6429]) containing 10% 
fetal bovine serum (FBS Gibco [10500-064]) and 100 U/mL penicillin, and 100 μg/mL streptomycin 
(Pan-Biotech- Germany ) in a humidified incubator with 5% CO2 in air at 370 C (Niska et al., 2015). 
For all the experiments in 8 days duration cells were grown at 70- 80% confluence. 
The cells were cultured in 75 cm2 cell culture flasks. For experimental purpose, cells were plated at 
0.57 x 106 cells/ mLand and grown for 24 hours before metal treatment. Duplicates wells of cells were 
treated with 10 exposure levels of Pb, Cd, As and, MeHg ranging from 10 to 100 µM, 0.5 to 7 µM,  
0.4 to 4.2  µM, and 0.6 to 12 µM, respectively; due to the 8 days exposure medium containing given 
concentration was refreshed at 2 days interval for maintaining metal exposure in a long time. Metal  
stock solutions 100X were prepared in deionized distilled water (for poorly soluble PbCl 2 < 0.5% 
DMSO added) and sterilized by filtration through 0.2 µm and different concentrations of a working  
solution of each individual metal was prepared by prior dilution of the stock solution in phosphate 
buffer saline (pH = 7.4) and then applying 10% working solution on DMEM culture medium. 
2.3. Cytotoxicity/ MTT assay  
The MTT assay was carried out using a modification of the method of Mossman (1983). The HT-22 
cells were seeded in 96-well plate. After 24 h, when the cells had reached a confluence of 70–80%,  
they were exposed for 8 days to several concentrations of the heavy metals (Pb, Cd, As and, MeHg).  
After the incubation period, the medium was aspirated from well and MTT working solution at 0.5 
mg/mL was added to each well. Cells were incubated at 37°C for 3 h; after this time, the MTT was 
removed by aspiration. Formazan crystals were dissolved in 100 µL of DMSO and placed the plates  
on  a  shaker  and  agitated  for  5  min.  The  absorbance  of  the  solubilized  reduced  MTT was  then  
measured in a micro titter plate spectrophotometer reader at a wavelength of 570 nm. The measured 
absorbance or optical density (OD) values were converted to percent of cell viability (%) with respect 
to  control.  Cell  viability  (%)  =  Absorbance  of  treatment  /  Absorbance  of  Control  x  100%.  The 
cytotoxicity results were used for calculating the IC10 to IC30  of the each metal for apoptosis and 
mixtures interaction study.
2.4. Analysis of apoptosis by annexin V-FITC/ propidium iodide (PI) 
To evaluate the translocation of phosphatidylserine (PS) from inner leaflets to outer leaflets of the 
plasma membrane, Annexin V- FITC apoptosis detection kit (BD Pharmingen, Poland) was utilized. 
In this kit, Annexin V and Propidium iodide (PI) was used to distinguish the apoptotic and necrotic 
cells from the alive cells. According to the manufacture’s protocol, the exponentially proliferating 
cells were exposed to the designed doses (IC10, IC20, IC25, and IC30) of heavy metals in 12 well plates 
at a density of 0.56 x 106/mL during 8 days, control cells were made without chemical. The medium 
with metal concentration was refreshed every 2 days. After 8 days treatment with metals, cells were  
harvested  by  trypsinization,  washed  twice  with  ice  cold  PBS  (pH =  7.4).  Thereafter,  cells  were 
centrifuged at 1200 rpm for 5 min at 40C, resuspended in 1mL of 1X binding buffer and then transfer 
the 100 µL of the solution to 5 mL culture tube, and added 5 µL of both annexin-V, PI to the samples. 
After staining, cells were incubated for 15 min in the dark at room temperature. Cells were re-washed 
with 1X binding buffer 400 µL and analyzed by flow cytometry (Beckman coulter, Germany). 
2.5. Assessment of interactions using the response additivity method
This method for testing interaction between chemicals has been described by Lau et al., (2006). In this  
model, the combined effects of two agents are thought to be equal to the sum of the effects of the  
single compounds. Deviations from this are either synergistic or antagonistic. In the present study,  
chemicals  were  tested  at  their  IC5-  IC20 concentrations,  derived  from  individual  concentration– 
response  curves.  The  mixture  experiments  were  conducted  for  a  total  of  6  mixtures  in  8  days,  
including Pb+Cd, Pb+As, Pb+MeHg, Cd+As, Cd+MeHg, and As+MeHg, For binary mixtures, cells 
were then exposed to pairs of the compounds in equal proportions. To assess the interaction between 
heavy metals, combined effects include: additivity, where metals are no more and no less effective in 
combination than they are separately; synergism, where the effectiveness of agents is increased when 
in combination; potentiation, where the increased effect of a toxic compound is acting concurrently 
with a non-toxic compound; and finally, antagonism, where the effectiveness of agents is decreased  
when in combination (Costa et al., 2007). 
2.6. Assessment of interactions using the isobole method- dose additivity
In the current study, five different mixtures ratios of each binary pair were prepared (0:100, 25:75, 
50:50, 75:25, and 100:0). Each of these mixture ratios was tested in triplicate around the mixture IC 30 
according to the method  (Axelrad et al., 2002). For the data analysis of these mixtures, compusyn 
isobole analyses were used to assess the interaction of the metals in the mixture. The combination 
index (CI) - isobologram method is widely used in pharmacology to study the nature of the interaction 
between  drugs.  The  interaction  is  analysed  by  using  the  median-effect/combination  index  (CI)-  
isobologram equation (Chou, 2010),  which is based on the median-effect principle (mass-action law). 
This method has been applied to predict the mixture toxicity of environmental chemicals (Wang et al., 
2015).  The benefit of a non- constant combination toxicity study is not simply due to the property of 
the metals, but could also depend on the dose ratios. As the cells do not make the difference between a 
single metal or a combination, two metals combined at a given ratio could be considered as a third 
agent with its own dose effect relation. The isobole model (Berenbaum, 1978) allows the construction 
of  graphs  showing  curves  describing  various  combinations  of  two  compounds  A  and  B,  which 
together produce the same, specified effect. Isoeffective doses A and B of the single compounds are  
connected by an additivity line, which predicts the combinations of A and B required to yield the  
specified effect, provided the interaction between A and B is additive (zero interaction). 
This relationship is expressed by the equation: cA/CA + cB/CB = 1 
Where cA and cB are the concentrations of A and B in a mixture that produce a specified effect, and CA 
and CB are the concentrations of the single agents, which on their own elicit the same effect as the 
mixture.  Synergistic  agents  require  lower  concentrations  to  produce  a  given  effect  when  in  
combination,  giving  concave  isobole;  therefore  the  equation  is  expressed  as  cA/CA +  cB/CB <  1. 
Antagonistic combinations give convex isobole resulting in cA/CA + cB/CB > 1. The localization of the 
experimental mixture point (a, b) corresponding to the doses actually needed for a combination effect 
mixture with respect to the line of additivity can be translated in term of synergy, additivity, and  
antagonism; if experimental point below the line corresponds to a combination index (CI < 1) and 
indicates synergy; a point on the line corresponds to a CI = 1 and indicates simple additivity; finally a 
point above the line corresponds to a CI > 1 and indicates antagonism. Sometimes the CI values are 
>3 or much greater, especially at low effect levels (i.e., low fa level). Keep in mind that the synergy  
scale is from 1 to 0 and the antagonism scale is from 1 to infinity (Chou, 2010). The limitations of the 
CI method are that it is highly sensitive to small changes in effect measurement at low and high 
concentrations and lack of statistical evaluation of synergy, additivity or antagonism  ( Zhao et al., 
2010). 
2.7. Statistical analysis of data
All experiments were performed three times (n=3) and each concentration tested in replicates. The  
results  were  given  as  mean  ±  standard  deviation  (SD).  IC5  to  IC30 values  calculated  from dose 
response  curve  fitted  by  using  the  Graph  pad  prism  version  5.01.  Compusyn  software  
(http://www.combosyn.com) used for non-constant ratio isobologram fitting. All data were analysed 
by one way ANOVA (p*** < 0.05) procedures followed by dun net’s. A p-value of less than 0.05 was 
considered statistically significant. 
3. Results
3.1. Cytotoxicity of individual metals (Pb, Cd, As, and MeHg) on HT-22 cell line 
To characterize the effects of Pb, Cd, As, and MeHg individually on the hippocampus, we performed 
cytotoxicity  studies  in  immortalized  mice  HT-22  hippocampal  cells  using  the  MTT  assay  as  a 
measure  of  cell  viability.  As  expected,  all  4  metals  showed  a  dose,  dependent  cytotoxic  effect,  
expressed by decreased absorbance or optical density (OD) values of treated cells. Results for Pb, Cd,  
As, and MeHg dose- response curves are presented in Figure 2 and table 1. For Pb, dose- response 
curve  clearly  shows  concentration  dependent  effect,  cytotoxicity  was  drastically  enhanced  with 
respect to concentrations (>70 µM). The obtained results suggest that Pb induced damage in HT-22 
cells is dose dependent. However, at low concentration (10-60 µM) Pb had no effect on cell viability. 
Exposure  of  HT-22  cells  to  different  Cd  concentrations  (0.5–7  μM)  shows  a  dose  dependent 
relationship. Cells exposed to Cd concentrations from 0.5 to 2.5 μM exhibited the non-significant  
effect.  The effect of Cd was more pronounced at 3.5 µM. We observed that the percentage of cell  
viability decreases with increasing Cd concentration reaching a maximum of cell  death (90%) in  
chronic exposure. The metal As on HT-22 cells.  The metal As on HT-22 cells drastically decreased 
the viability; the toxic effect of As was high at 1.2-4.6 µM. The effects of MeHg on HT-22 cells were 
high, even in the lowest concentration (0.6 µM), the cell death was statistically significant. The dose  
response curve inflection drastically enhanced in MeHg than other three metals. The results obtained 
from the MTT cytotoxicity assays indicate that there are differences between heavy metals sensitivity  
on hippocampus cell line. The MeHg appear to be more sensitive as indicated by LC50 value. This 
difference could be due to the different uptake mechanisms of heavy metals by the HT-22 cells this 
difference  among the  cytotoxicity  results  of  heavy metals  suggests  that  some  underlying  unique 
intracellular mechanism is responsible for the hippocampus damage. • The  summary  of  cell 
viability data of heavy metals  for different exposure times (1 day, 3 days, 8 days) are presented in the  
supplementary material (Annex-I) and detail study can be found in Karri et al. 2017.
Table 1: The LC50 values of Pb, Cd, As, and MeHg for hippocampal HT-22 cell line after different 
exposure times in In vitroa   
Exposure time Heavy metals (IC50)
Pb (µM) Cd (µM) As (µM) MeHg (µM)
8 days 74.3 3.7 0.8 0.6
(aValues of LC50  with 95% confidence intervals from curves shown in Figure 2. Cytotoxicity was 
evaluated by inhibition of MTT reduction as described in the methods).
         
Figure 2:  Dose- response curves of Pb, Cd, As, and MeHg on HT-22 cells during 8 days exposure.  
The one – way ANOVA followed by a dunnet’s multiple comparison tests compared the control with 
all concentrations, asterisks indicate significantly different with control (p*** < 0.05). 
 3.2. Apoptosis effects of individual metals (Pb, Cd, As, and MeHg) on HT-22 cells 
To gain insight into the heavy metal induced cell death in HT-22 cells, we examined the Annexin 
FTIC – V / Propidium iodide (PI) assay during 8 days exposure. We found that heavy metals have  
different potency to induce apoptosis in HT-22 cells. Firstly Pb results in Figure 3a indicates, there 
was  a  slight  trend  to  increased  apoptotic  cells  (%)  as  concentration  increased,  but  it  was  not  
statistically significant. However, at 70 µM response was relatively significant (p *** < 0.05). Figure 
3b shows that Cd apoptosis effect in HT-22 cells, the apoptosis response was similar to Pb metal; the 
percent of apoptotic cells was significant at 3.26, 3.37 µM (p*** < 0.05). The other two metals As and 
MeHg has a significant  effect  even at  low concentration of exposure.  As shows more percent  of  
apoptotic cells at 0.60, 0.66 µM (p*** < 0.05); which indicates the potency of As was high in HT-22 
cells. In MeHg the apoptosis pattern was started at 0.18 µM and reached as sudden inflection at 0.29  
µM ((p*** < 0.05), however, the percent of apoptotic cells are more than expected (47.6 ± 0.1). At IC 30 
(70.00, 3.37, 0.66, and 0.29 µM), the observed maximum percentage of apoptosis cells 15.4 ± 5.6,  
31.8 ± 0.0, 41.9 ± 6.4, and 47.6 ± 0.1 of Pb, Cd, As, and MeHg respectively. Thus, the present study 
clearly shows that the apoptosis is a potency dependent as similar to cell viability. This concentration  
dependent pattern of apoptosis induced by heavy metals as observed in flow cytometrtic analysis of  
the  HT-22  cells  stained  with  PI  and  annexin  V  is  summarized  in  Figure.  3a  –  3d  (dot  plot).  
Pb
As
Quantitative of total apoptotic cells (%) are shown in the Table 2A-2D.  Overall  flow cytometrtic 
analyses show that heavy metals induce apoptosis on HT- 22 cells dose dependent, and the potency of 
metals shows MeHg > As > Cd > Pb.
Figure 3a: Representative dot plots showing the inhibitory effect of Pb to HT-22 cells upon 8 days of 
exposure. A= Control, B= 63.50 µM, C= 67.34 µM, D = 68.74 µM, E= 70 µM. Lower left (LL) = 
Live cells (Annexin V−/ PI−),   lower right (LR) = Early apoptotic cells (Annexin V +/PI−), upper left 
(UL) = Late apoptotic (Annexin V+/ PI+), upper right (UR) = Necrotic cells (PI+). 
Table 2A: Pb Summary data of annexin – V / PI assay obtained from the flow cytometry analysis. 
Values are shown as means ± SD of 3 replicates per experiment. 
Pb 
Conc. 
(µM)
Viable Cells 
(Mean ± SD)%
Apoptotic cells 
(Mean ± SD)%
Necrotic cells 
(Mean ± SD)%
0 98.8 ± 0.4 0.9 ± 0.8 0.2 ± 0.3
63.50 94.5 ± 0.9 1.9 ± 1.7 3.6 ± 0.9
67.34 88.8 ± 2.9 9.7 ± 3.1 1.5 ± 1.0
68.74 84.6 ± 2.1 12.8 ± 2.8 2.6 ± 4.1
70 81.3 ± 6.5 15.4 ± 5.6 3.3 ± 4.6
B CA
D E
 Figure 3b: Representative dot plots showing the inhibitory effect of Cd to HT-22 cells upon 8 days of 
exposure.  A= Control, B= 2.80 µM, C= 3.14 µM, D = 3.26 µM, E= 3.37 µM. Lower left (LL)/ E3 = 
Live cells (Annexin V− / PI−),   Lower right (LR)/ E4 = Early apoptotic cells (Annexin V +/ PI−),  
Upper right (UR)/ E2 = Late apoptotic (Annexin V+ / PI+), Upper left (UL)/ E1 = Necrotic cells  
(PI+). 
Table 2B: Cd  Summary data of annexin – V /PI assay obtained from the flow cytometry analysis. 
Values are shown as means ± SD of 3 replicates per experiment.
Cd Conc. 
(µM)
Viable Cells
(Mean ± SD)%
Apoptotic cells (Mean ± 
SD)%
Necrotic cells
(Mean ± SD)%
0 98.9 ±0.4 0.93 ± 0.8 0.2 ± 0.3
2.80 91.5 ± 2.0 4.8 ±1.5 3.7 ± 1.0
3.14 89.0 ± 1.3 9.9 ± 0.6 0.8 ± 2.4
3.26 80.4 ± 1.8 15.7 ± 2.8 3.9 ±1.5
3.37 65  ± 1.3 31.8 ± 0.0 1.8 ± 0.0
CBA
ED
Figure 3c: Representative dot plots showing the inhibitory effect of As to HT-22 cells upon 8 days of  
exposure.  A= Control, B= 0.42 µM, C= 0.55 µM, D = 0.60 µM, E= 0.66 µM. Lower left (LL) = Live 
cells (Annexin V−/PI−),   Lower right (LR) = Early apoptotic cells (Annexin V + / PI−), Upper right 
(UR) = Late apoptotic (Annexin V+ / PI+), Upper left (UL) = Necrotic cells (PI+). 
Table 2C: As  Summary data of annexin – V /PI assay obtained from the flow cytometry analysis. 
Values are shown as means ± SD of 3 replicates per experiment.
As Conc. 
(µM)
Viable  Cells 
(Mean ± SD)%
Apoptotic cells
 (Mean ± SD)%
Necrotic cells
(Mean ± SD)%
0 98.9 ± 0.4 0.9 ± 0.8 0.2 ± 0.3
0.42 91.7 ± 0.6 7.4 ± 0.2 1 ± 0.8
0.55 86.4 ± 1.5 13.2 ± 1.2 0.4 ± 0.5
0.60 78.9 ± 3.0 17.3 ± 4.5 3.8 ± 2.4
0.66 57.8 ± 6.4 41.9 ± 6.4 0.3 ± 0.2
CBA
ED
  
Figure 3d: Representative dot plots showing the inhibitory effect of MeHg to HT-22 cells upon 8 
days of exposure.  A= Control, B= 0.09 µM, C= 0.18 µM, D = 0.23 µM, E= 0.29 µM. Lower left 
(LL)/ E3 = Live cells (Annexin V−/ PI−),   Lower right (LR)/ E4 = Early apoptotic cells (Annexin V 
+/ PI−), Upper right (UR)/ E2 = Late apoptotic (Annexin V+/ PI+), Upper left (UL)/ E1 = Necrotic 
cells (PI+). 
Table 2D: MeHg Summary data of annexin – V /PI assay obtained from the flow cytometry analysis. 
Values are shown as means ± SD of 3 replicates per experiment.
BA C
Conc. 
(µM)
Live Cells 
(Mean ± SD)%
Apoptotic cells 
(Mean ± SD)%
Necrotic cells
(Mean ± SD)%
0 98.9 ± 0.4 0.9 ± 0.8 0.2 ± 0.3
0.09 89.8 ± 2.7 8.9 ± 1.2 1.3 ± 1.2
0.18 77.8 ± 1.5 21.2 ± 0.7 1.0 ± 0.7
0.23 68.2 ± 9.4 33.2 ± 0.3 0.7 ± 0.3
0.29 52.3 ± 7.7 47.6 ± 0.1 0.2 ± 0.1
3.4. Interactions among the Pb, Cd, As and MeHg mixtures- response additivity
The concentrations of individual metals were selected for the mixture interaction based on the MTT 
assay, apoptosis results. The selected concentrations were expected to cover the concentration levels 
from non-toxic concentrations to a toxic level. The response additivity method described by Lau et al.  
(2006) was utilized, in which concentrations of each compound equivalent to their IC5, IC10, IC15, and 
IC20 calculated from the single metal response curve. To estimate the mixtures toxicity, we performed 
different combinations of metal (Pb+ Cd, Pb+ As, Pb+ MeHg, Cd+ As, Cd+ MeHg, and As+ MeHg) 
on mice hippocampal HT-22 cell line. Generally know that MeHg and Pb have more impact on the 
brain rather than Cd, As. However in mixture point of view, the obtained results suggest that some 
interaction mechanism is there to produce the more than expected level. Several interesting findings 
were  observed  from  dose  response  analysis;  additive  results  were  obtained  in  Pb+Cd,  Pb+As,  
As+MeHg from IC5 to IC20 range of mixtures, this purely additive effect is indicative of a lack of 
interaction. The cytotoxicity of Cd+As mixture results was less than the additive response suggesting 
antagonist  effect,  which  indicates  some  interaction  mechanism  between  Cd  and  As  inhibits  the 
potency of  toxicity  on  HT-22 cells.  The  mixtures;  Pb+MeHg,  Cd+MeHg showed more  than  the 
additive response, for this nature of interaction considered as a synergistic effect. The obtained results 
suggest  that  there  are  mainly  synergistic  effects  in  MeHg  containing  mixtures.  The  Cd  role  in  
mixtures was aberrant; in the results, Cd showed additive, antagonistic, synergistic effects, depends on 
the co-exposure metal. A marked reduction of cell viability was found in MeHg among Pb, Cd binary 
mixture. This synergistic effect can be possible due to the common mechanism and it reduces the 
exposure dose of individual metals in a mixture (Fig 4).
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Figure 4: Effects of Pb, Cd, As, and MeHg in binary combination, on cell viability, measured by the 
MTT assay,  in  HT-  22  cell  line  during  8  days.  In  each  response,  concentrations  of  each  metal 
corresponding to the equitoxic (in combination) were utilized. Values of IC5, IC10, IC15, and IC20 were 
derived from concentration response curves reported in Figure 1. Each bar represents the mean (±  
SD.) of separate determinations carried out in triplicate (***p< 0.05).
3.5. Interactions among the Pb, Cd, As and MeHg mixtures- dose additivity
Dose additivity is an equally valid procedure for analysing interactions between metals irrespective of  
their mechanisms of action and aims to establish the required concentrations of individual metals  
within a combination that produces a specified level of  effect.  Individual concentration- response  
curves for all four metals were used to calculate the individual concentrations required to produce 
30% inhibition of cell death. The effective concentration (IC30) of Pb, Cd, As, and MeHg are 70.0 µM, 
3.37 µM, 0.66 µM, and 0.29 µM respectively.  All  binary mixtures  tested as  non-  constant  ratio 
isobologram model and generated data points illustrated in Fig 5, the straight line between the mean 
single values is referred to as the additivity line and area of CI values for these two measurements the 
CI limits. Qualitative evaluation of curve can be in two types of descriptors; the mean value can either  
is within the CI belt or exist outside or inside (deviation from additivity). Mixtures interaction for Pb,  
Cd,  As,  MeHg  represented  in  Table  3,  descriptively  graphic  data  suggest  that  all  combinations 
interaction. The combination of A (X-axis) and B (Y-axis) metal using a comparison of CI values for 
single  concentrations  (100% A/  B% metal  and  0% A/  100% B,  additivity  line).  For  instance,  a 
combination of  Pb and Cd was produced CI>1 value,  the  significant  points are  shown in Fig 5,  
suggests that Pb and Cd were antagonistic effect (50% Pb/ 50% Cd, 75% Pb/ 25% Cd) in the mixture.  
The effect of Pb and As combination clearly indicates that slightly deviation from the additive line in 
the  different  ratios,  the  CI  <  1.  The  isobologram  of  Pb+As  mixture  mark  slightly  synergistic 
interaction. The Pb and MeHg mixture suggests the interaction is more deviate from the expected 
additivity  line  (25% Pb/  75% MeHg,  50% Pb/  50% MeHg),  CI  value 0.7,  0.7 respectively.  The 
combination of Cd with MeHg, and As shows the antagonistic effect, the similar results can be seen  
for isobole curve; however, the antagonistic potency of interaction depends on the composition of 
mixtures (CI values range 1.4 to 3.8). We found highest antagonistic effect in Cd+MeHg mixture 
(25% Cd/ 75% MeHg, 75% Cd / 25% MeHg) CI values 3.31, 2.05 respectively that indicates MeHg 
concentration influencing the combination effect (except MeHg+As) (Table 4). 
 Figure 5: Normalized isobologram plot of binary mixtures of Pb, Cd, As, and MeHg on HT-22 cells. 
Each isobologram experiment was performed three times independently of each other; data presented  
for each metal combination are a mean of all three experiments. Some points are out of the limit in 
curve representation.
   Table 3: The combination index (CI) values of each non- constant ratio of the mixture obtained 
from the  Compusyn normalized  isobole  model  (Note.  100% A and 100% B correspond to  each 
metal’s IC30 value; other metal amounts are related to a fraction of the IC30 as indicated).
Point Mixture ratio Combination Index (CI) value
A (%) B (%) Pb+C
d
Pb+As Pb+MeHg Cd+A
s
Cd+MeHg MeHg+As
1 0 100 1.0 1.0 1.0 1.0 1.0 1.0
2 25 75 1.5 0.8 0.7 1.4 3.3 1.0
3 50 50 1.4 0.9 0.7 1.4 1.5 1.0
4 75 25 1.3 0.9 0.9 1.8 2.0 1.0
5 100 0 1.0 1.0 1.0 1.0 1.0 1.0
               (*CI value =1; additive, > 1; antagonistic, <1 synergistic according to Isobologram analysis)
4. Discussion 
Usually, more than one heavy metal was involved in the environmental exposure. A risk assessment 
of the metal mixtures would be more practical, and the combined effects are needed in future research 
to improve the risk evaluations. The objective of this work was to assess toxicities of heavy metals  
individually and as mixtures on HT-22 cell line. The results showed significant cell reduction after  
exposure  to  toxic  metals.  Ultimately  binary  mixtures  induced significant  cell  death  compared  to 
individual metals. The individual toxicity of these four metals to different cell lines and organisms has 
been widely investigated; however, mixture studies are very limited relevant to hippocampal cell line.  
The Pb toxicity results in the HT-22 cells suggest the potency of Pb depends on the concentration. It 
showed that Pb could gradually decrease the viability of HT-22 cells and the result was consistent  
with reported studies (Xu et al., 2006).  The observed neurotoxic effects of Cd in various brain cell 
cultures are in agreement with the current HT-22 cells cytotoxic effects  (Lopez et al., 2003).  The 
toxicity of Cd perhaps establishes the relation with Ca+2 ion mechanism. Orrenius and Nicotera (1994) 
reported that the concentration of cytoplasmic and nuclear Ca+2 increased in neurons as result of Cd 
exposure. In experimental animal models was found that As causes a potent alteration in hippocampal  
region (Cronican et al., 2013). In the present study As shows significant effect on HT-22 cells; the 
decreasing  pattern  of  cell  viability  was  high. Other  reported  studies  showed  that  As  induces 
cytotoxicity in human lung fibroblasts in dose dependent manner, which is  consistent with current  
study  (Vogt and Rossman, 2001). The MeHg potency is very high in HT-22 cells rather than other 
three  metals.  The  obtained  results  are  consistent  with  MeHg  toxicity  studies  in  glioblastoma, 
neuroblastoma cultures and cerebellar granule cells (CGC) (Crespo-López et al., 2007; Fonfría et al., 
2005)
To further gain insight into the heavy metal toxicity; mechanistic based assay such as apoptosis might 
be potential  to  validate  the  MTT assay.  To know the clear  cytotoxic  effect  on  HT-22 cells,  we 
performed  Annexin-  V/  PI  staining  that  allows  the  discrimination  of  viable  cell,  apoptotic,  and 
necrotic cells by binding with Ca+2 dependent phosphatidyl serine (PS) protein in the cell membrane 
(Vermes et al., 1995).  The obtained results confirm Pb could induce the apoptosis in HT-22 cells, 
however  the  apoptosis  response  was  very  low in  tested  63.5-70 µM range;  the  observed results  
reported similarly like calcium to bind the internal metal binding site of the permeability transition  
pore and open it, which could initiate apoptosis in the retina (He et al., 2000). The effect of Cd was 
more  pronounced  at  3.37  µM.  Reported  studies  have  shown  that  Cd  induces   dose-  dependent 
apoptosis like cortical neurons (López et al., 2003). Regarding As we observed that apoptosis at a low 
dose (0.66 µM); these findings correlate with As induced apoptosis in neuroblastoma cells (Akao et 
al.,  2000).  The  MeHg induced apoptosis  in  HT-22  cells  was  high  in  0.18-0.29  µM,  the  similar 
response was observed in human SH-SY 5Y neuroblastoma cells  (Ndountse and Chan, 2008).  The 
results  indicate that  percentage of apoptotic cells  was dependent  on the metal  potency like MTT 
assay,  maximal level of apoptotic cells observed in MeHg,  and potency of metals ranked MeHg > As 
> Cd > Pb. We are used the apoptosis to validate the MTT assay results for extending to the metal  
mixtures toxicity.   
Based on the cytotoxicity of individual metals Pb, Cd, As, and MeHg on HT-22 cells, the response 
addition, dose addition methods were used to determine interaction profile of mixtures.  However, 
there is  a widespread disagreement over  terminology,  definitions,  and models  for the analysis  of 
mixtures  (Feron and Groten, 2002; Wu et al., 2016). Several methods for calculating the expected 
combination effect  of  two or more chemicals are  currently in  use,  the majority  of  which can be  
associated  with  two popular  basic  concepts  known as  response  additivity  (Bliss  1939) and dose 
additivity (Loewe 1953). Response additivity focuses on measuring the effects of mixtures at only one 
specified  concentration  for  each  metal,  thus  lacking  the  information  on  concentration-  response 
relationships. Dose additivity is an equally valid procedure for analysing interactions between agents 
irrespective of  their  mechanisms of  action.  However,  this  method requires  tedious testing with a 
variety of concentrations for the determination of each data point on the isobologram, There is no  
generally accepted agreement as to which of the two concepts is more appropriate (Teuschler, 2007); 
therefore we have attempted to carry out this study using both models to confirm our findings. It is  
noteworthy that the combined toxicity of the overall  metal mixtures might be different from their  
individual toxicities. Thus mixture studies are important to elucidate whether these interactions to  
such  mixtures  would  cause  deleterious  effects  to  hippocampal  cell  line.  We  used  simple  effect 
addition  and  dose  addition  isobologram  analysis  concept  for  mixtures  interactions.   Response 
addition implies that the effects of exposure to a mixture of such chemicals are equivalent to the  
effects of the sum of the potency corrected doses of each component (Ince et al., 1999). The findings 
from Pb+Cd results consistent with experimental studies on a pregnant rat showed that combined 
exposure of Cd and Pb have additive effect on decreasing Na+  / K+  -ATP ase function, in which Cd 
activity is potentiated by Pb for causing failure of the Na+/ K+-ATPase (Antonio et al., 2003). In the 
current study, significant antagonism was found in Cd+As mixture; the observed antagonistic effect  
supported by Vellinger et al.  (2012). In addition a Pb+MeHg, Cd+MeHg mixture showed similar  
toxic potency level which suggests the MeHg influences the equitoxic level in both mixtures however, 
the  combination  with  MeHg  and  other  metals  studies  are  limited.  The  findings  mainly  indicate 
synergistic effect among MeHg and Pb, Cd in high concentration, which is an agreement with other 
investigators  findings  of  synergism  (FríasEspericueta  et  al.,  2009).  The  other  two  combinations 
Pb+As, As+MeHg indicates the simple additive effect on HT-22 cells.  Based on the single metal 
results, we propose that the isobologram analysis for dose additivity method, Rodea-Palomares et al., 
(2010)  were  the  first  to  use  this  method  in  environmental  risk  assessment  applications.  In  the 
isobologram analysis,  the  metal  mixture  impact  was  different  from  the  equitoxic  exposure.  The 
combination of Cd with Pb, As MeHg indicated the antagonist effect clearly shows that co exposure 
of  Cd  metal  implies  the  toxicity  of  other  metal  in  a  reduction  manner.  The  current  Cd  results  
disagreement with reported interactions studies such as Cd with As increases the expression of stress 
proteins in rat and human kidney cell lines (Madden et al., 2002). The combination of Pb with As and 
MeHg effects found more than the additive effect according to CI value.  The other combination of 
MeHg  & As  CI  value  on  HT-22  cells  suggesting  a  simple  additive  effect.  These  findings  give 
significant evidence of the metal mixtures neurotoxic activity and their potential interactions depend 
on the composition of elements, cell  line sensitivity. The observed interactions at dose additivity, 
response  additivity  supported  by  (Bae  et  al.,  2001) interactive  effect  of  Pb,  Cd,  As  and  Cr  on 
keratinocytes, the results showed a trend of additivity,  synergism and antagonism with increasing 
metal  mixture  concentrations.  However,  the  current  mixtures  toxicity  is  most  relevant  to 
neurotoxicity; the literature related to metal mixtures toxicity impact on hippocampus is very limited.
Table 4:  Summary of metal mixtures interaction profile on HT-22 cells during 8 days exposure. 
5. Conclusion
From a public health point of view, it is most relevant to answer the question whether chemicals in a 
mixture interact in a way that results in a reduced or increased overall response when compared with 
the sum of the responses to the individual chemicals in the mixture, or indeed in an effect that is  
simply an addition of the expected effects. We investigated the toxicity of four heavy metals and their 
mixtures  on  hippocampus  relevant  mice  HT-22  cell  line  for  knowing  their  toxicity  impact. The 
comparison between the effect addition and dose addition was useful in the evaluation of combined  
effects in the mixture. The nature of interaction varies according to the effect levels and the type of 
components in the mixtures. This binary combination of Pb, Cd, As, and MeHg displayed synergistic 
and antagonistic interaction at low and higher effect levels, respectively. The mixture effects should 
be considered in the risk assessment of co-exposure metal potency. Toxicity order of current mixtures 
results on HT-22 cells, Pb+MeHg> MeHg+As > Cd+As found in both dose addition and response 
addition. The other three mixtures (Pb+Cd, Cd+MeHg, Pb+MeHg) interaction effects are different in  
an each method. We concluded from the results;  dose addition isobologram analysis was a more 
beneficial strategy for mixtures study than response additivity. We expect this approach will be of use  
for a wide range of metal mixtures and indeed other types of experiments for knowing the interaction 
profile at each point.  Moreover, improved investigations on metal combined effects are needed in 
future studies. The outcome of this study adds to a new sense of urgency for research to examine the 
mechanisms associated with toxicities of metals mixtures. In future, comprehensive mechanistic based 
omics  investigation  will  be  useful  for  understanding  the  real  interactive  mixtures  interactions  at  
molecular level.
Acknowledgement: 
Preparation  of  this  manuscript  was  supported  with  the  funding  from the  European community’s 
Seventh Framework Programme (FP7/2007-2013) under  grant  agreement  No 603946 (Health and 
Environment-wide  Associations  via  Large  population  Surveys-  HEALS).  Venkatanaidu  Karri  has 
been  funded  by  AGAUR  (Commissioner  for  Universities  and  Research  of  the  Department  of  
Mixture Interaction profile
Response addition Dose addition
Pb+Cd Additive Antagonistic
Pb+As Additive Slightly synergistic
Pb+MeHg Synergistic Synergistic
Cd+As Antagonistic Antagonistic
Cd+MeHg Synergistic Strong antagonistic
MeHg+As Additive Additive
Innovation, Universities, and Enterprise of the “Generalitat de Catalunya”) and the European Social 
Fund.  This  publication  reflects  only  the  authors’  views.  The  Community  and  other  funding 
organizations are not liable for any use made of the information contained therein.
References
ATSDR,  2004.  Interaction  Profile  For:  Arsenic,  Cadmium,  Chromium  and  Lead.  Division  of 
Toxicology and Environmental Medicine, Agency for Toxic Substances and Disease Registry,  
Atlanta, GA. Available online: http://www.atsdr.cdc.gov/interactionprofiles/ip-metals1/ip04.pdf.
Akao, Y., Yamada, H., Nakagawa, Y., 2000. Arsenic-Induced Apoptosis in Malignant Cells In vitro. 
Leuk. Lymphoma 37 (1-2), 53–63.
Al-Khashman, O. A., Shawabkeh, R. A., 2006. Metals distribution in soils around the cement factory 
in southern Jordan. Environ. Pollut. 140 (3), 387–394.
Angelica, M. D., Fong, Y., 2014. Environmental toxicity and poor cognitive outcomes in children and 
adults. J Environ Health.76 (6), 130–138.
Antonio, M.T., Corredor, L., Leret, M.L., 2003. Study of the activity of several brain enzymes like  
markers of the neurotoxicity induced by perinatal exposure to lead and/or cadmium. Toxicol.  
Lett. 143 (3), 331–340. 
Aschner, M., Syversen, T., Souza, D.O., Rocha, J.B.T., Farina, M., 2007. Involvement of glutamate 
and reactive oxygen species in methylmercury neurotoxicity. Braz. J. Med. Biol. Res. 40 (3),  
285–291.
Axelrad, J.C., Howard, C. V., McLean, W.G., 2002. Interactions between pesticides and components 
of pesticide formulations in an in vitro neurotoxicity test. Toxicology 173 (3), 259–268. 
Bae, D.S., Gennings, C., Carter, W.H., Yang, R.S.H., Campain, J.A., 2001. Toxicological interactions 
among arsenic,  cadmium, chromium, and lead in human keratinocytes.  Toxicol.  Sci.  63 (1),  
132–142. 
Berenbaum, M.C., 1978. A method for testing for synergy with any number of agents. J. Infect. Dis. 
137 (2), 122–130.
Bliss, C.I., 1939. The toxicity of poisons applied jointly . Ann. Appl. Biol. 26 (3), 585–615. 
Cassee, F.R.,  Groten, J.P.,  Bladeren, P.J.  V.,  Feron, V.J.,  1998. Toxicological evaluation and risk  
assessment of chemical mixtures. Crit. Rev. Toxicol. 28 (1), 73–101. 
Cedergreen, N., 2014. Quantifying synergy: a systematic review of mixture toxicity studies within 
environmental toxicology. PLoS One 9 (5), e96580–e96580.
Chou, T.C., 2010. Drug combination studies and their synergy quantification using the chou-talalay 
method. Cancer Res. 70 (2), 440–446. 
Clarkson, T.W., 1987. Metal toxicity in the central nervous system. Environ. Health Perspect. 75 (15),  
59–64.
Cobbina, S.J., Chen, Y., Zhou, Z., Wu, X., Feng, W., Wang, W., Mao, G., Xu, H., Zhang, Z., Wu, X., 
Yang, L., 2015. Low concentration toxic metal mixture interactions: Effects on essential and 
non-essential metals in brain, liver, and kidneys of mice on sub-chronic exposure. Chemosphere 
132, 79–86
Costa, L.G., Fattori, V., Giordano, G., Vitalone, A., 2007. An in vitro approach to assess the toxicity 
of certain food contaminants: Methylmercury and polychlorinated biphenyls. Toxicology 237 
(1-3), 65–76. 
Crespo lopez M. E., Lima de S. A., Herculano A. M., Rodríguez Burbano R., Martins do Nascimento 
JL.,  (2007)  Methylmercury  genotoxicity:  A  novel  effect  in  human  cell  lines  of  the  central 
nervous system. Environ. Int 33 (2), 141–146.
Cronican, A.A., Fitz, N.F., Carter, A., Saleem, M., Shiva, S., Barchowsky, A., Koldamova, R., Schug, 
J., Lefterov, I., 2013. Genome wide alteration of histone H3K9 acetylation pattern in mouse 
Offspring prenatally exposed to arsenic. PLoS One 8 (2), e53478- e53478.
Feki-Tounsi, M., Olmedo, P., Gil, F., Khlifi, R., Mhiri, M.N., Rebai, A., Hamza-Chaffai, A., 2013.  
Cadmium  in  blood  of  Tunisian  men  and  risk  of  bladder  cancer:  Interactions  with  arsenic 
exposure and smoking. Environ. Sci. Pollut. Res. 20 (10), 7204–7213. 
Feron, V.J., Groten, J.P., 2002. Toxicological evaluation of chemical mixtures. Food Chem. Toxicol. 
40 (6), 825–839. 
Fonfria, E., Vilaro M.T., Babot, Z., Rodriguez-Farre, E., Sunol, C., 2005. Mercury compounds disrupt 
neuronal glutamate transport in cultured mouse cerebellar granule cells. J. Neurosci, Res 79 (4), 
545–553.
Frías-Espericueta, M.G., Voltolina, D., Osuna-López, I., Izaguirre-Fierro, G., 2009. Toxicity of metal 
mixtures to the Pacific white shrimp Litopenaeus vannamei postlarvae. Mar. Environ. Res. 68 
(5), 223–226. 
Giasson,  B.I.,  Sampathu,  D.M.,  Wilson,  C.A.,  Vogelsberg-Ragaglia,  V.,  Mushynski,  W.E.,  Lee, 
V.M.Y.,  2002.  The  environmental  toxin  arsenite  induces  tau  hyperphosphorylation. 
Biochemistry 41 (51), 15376–15387. 
Hart, R.P., Rose, C.S., Hamer, R.M., 1989. Neuropsychological effects of occupational exposure to 
cadmium. J. Clin. Exp. Neuropsychol. 11 (6), 933–943. 
He, L., Poblenz, A.T., Medrano, C.J., Fox, D.A., 2000. Lead and calcium produce rod photoreceptor  
cell apoptosis by opening the mitochondrial permeability transition pore. J. Biol.  Chem. 275 
(16), 12175–12184. 
Hu, L., Greer, J.B.,  Solo-Gabriele, H., Fieber, L.A., Cai,  Y., 2013. Arsenic toxicity in the human 
nerve cell line SK-N-SH in the presence of chromium and copper. Chemosphere 91 (8), 1082–
1087. 
Ince,  N.H.,  Dirilgen,  N.,  Apikyan,  I.G.,  Tezcanli,  G.,  Üstün,  B.,  1999.  Assessment  of  toxic 
interactions of heavy metals in binary mixtures: A statistical approach. Arch. Environ. Contam. 
Toxicol. 36 (4), 365–372. 
Jadhav, S.H., Sarkar, S.N., Kataria, M., Tripathi, H.C., 2007a. Subchronic exposure to a mixture of  
groundwater-contaminating metals through drinking water induces oxidative stress in male rats.  
Environ. Toxico. Pharmacol. 23 (2), 205–211.
 Jadhav,  S.H.,  Sarkar,  S.N.,  Ram,  G.C.,  Tripathi,  H.C.,  2007b.  Immunosuppressive  effect  of  
subchronic exposure to a mixture of eight heavy metals, found as groundwater contaminants in 
different areas of India, through drinking water in male rats. Arch. Environ. Contam. Toxicol. 53 
(3), 450–458. 
Jadhav, S.H., Sarkar, S.N., Tripathit, H.C., 2006. Cytogenetic effects of a mixture of selected metals 
following subchronic exposure through drinking water in male rats. Indian J. Exp. Biol. 44 (12), 997–
1005.
Johansson,  C.,  Castoldi,  A.F.,  Onishchenko,  N.,  Manzo,  L.,  Vahter,  M.,  Ceccatelli,  S.,  2007.  
Neurobehavioural  and  molecular  changes  induced  by  methylmercury  exposure  during 
development. Neurotox. Res. 11 (3–4), 241–260.
Karri, V., Schuhmacher, M., Kumar, V., 2016. Heavy metals (Pb, Cd, As and MeHg) as risk factors 
for  cognitive  dysfunction:  A general  review of metal  mixture  mechanism in brain.  Environ. 
Toxicol. Pharmacol. 48 (2016), 203–213. 
 Karri,  V.,  Kumar,  V.,  Ramos,  D.,  Oliveira,  E.,  Schuhmacher,  M.,  2017  Comparative  In  Vitro  
Toxicity Evaluation of Heavy Metals (Lead, Cadmium, Arsenic, and Methylmercury) on HT-22 
Hippocampal Cell Line. DOI:10.1007/s12011-017-1177-x.
Kortenkamp, A., Altenburger, R., 1998. Synergisms with mixtures of xenoestrogens: A reevaluation 
using the method of isoboles. Sci. Total Environ. 221 (1), 59–73.
Kortenkamp,  A.,  Backhaus,  T.,  Faust,  M.,  2009.  State  of  the  Art  Report  on  Mixture  Toxicity. 
Availableonline: http://ec.europa.eu/environment/chemicals/pdf/report_Mixture%20toxicity.pdf
Kumar, R., Agarwal, A.K., Seth, P.K., 1996. Oxidative stress-mediated neurotoxicity of cadmium.  
Toxicol. Lett. 89 (1), 65–69. 
Lau,  K.,  McLean,  W.G.,  Williams,  D.P.,  Howard,  C.V.,  2006.  Synergistic  interactions  between 
commonly used food additives in a developmental neurotoxicity test. Toxicol. Sci. 90 (1), 178–187.
Liang  Zhao,  Jessie  L.S.  Au,   and  M. Guillaume  Wientjes .,  2010.  Comparison  of  methods  for 
evaluating drug-drug interaction. Front Biosci (Elite Ed). 1 (2), 241–249. 
Loewe, S., 1953. The problem of synergism and antagonism of combined drugs. drug research. 3 (6), 
285–290.
Lopez,  E.,  Figueroa,  S.,  Oset  gasque,  M.J.,  Gonzalez,  M.P.,  2003.  Apoptosis  and  necrosis:  two 
distinct events induced by cadmium in cortical neurons in culture. Br. J. Pharmacol. 138 (5),  
901–11.
Luo, J., Qiu, Z., Shu, W., Zhang, Y., Zhang, L., Chen, J., 2009. Effects of arsenic exposure from 
drinking  water  on  spatial  memory,  ultra-structures  and  NMDAR  gene  expression  of 
hippocampus in rats. Toxicol. Lett. 184 (2), 121–125. 
Madden, E.F., Akkerman, M., Fowler, B.A., 2002. A comparison of 60, 70, and 90 kDa stress protein 
expression in normal rat NRK-52 and human HK-2 kidney cell lines following in vitro exposure 
to arsenite and cadmium alone or in combination. J. Biochem. Mol. Toxicol. 16 (1), 24–32. 
Mari,  M.,  Nadal,  M.,  Schuhmacher,  M.,  Barberia,  E.,  Garcia,  F.,  Domingo,  J.L.,  2014.  Human 
exposure  to  metals:  Levels  in  autopsy  tissues  of  individuals  living  near  a  hazardous  waste 
incinerator. Biol. Trace Elem. Res. 159 (1-3), 15–21.
Maynard, C. J., Bush, A. I., Masters, C. L., Cappai, R., Li, Q. X.,  2005. Metals and amyloid-beta in  
Alzheimer’s disease. Int. J. Exp. Pathol. 86 (3), 147–159.
Mendez-Armenta, M., Rios, C., 2007. Cadmium neurotoxicity. Environ. Toxicol. Pharmacol. 23 (3), 
350–358.
Morais, S., Ecosta, F. G., Pereira, M. L., 2010.  Heavy metals and Human health. Available online: 
cdn.intechopen.com.
Nadal, M., Schuhmacher, M., Domingo, J.L., 2004. Metal pollution of soils and vegetation in an area  
with petrochemical industry. Sci. Total Environ. 321 (1-3), 59–69.
Ndountse,  L.T.,  Chan,  H.M.,  2008.  Methylmercury  increases  N-methyl-d-aspartate  receptors  on 
human SH-SY 5Y neuroblastoma cells leading to neurotoxicity. Toxicology 249 (2-3), 251–255. 
Niska,  K.,  Santos-Martinez,  M.  J.,  Radomski,  M.  W.,  Inkielewicz-Stepniak,  I.,  2015.  CuO 
nanoparticles induce apoptosis by impairing the antioxidant defense and detoxification systems 
in the mouse hippocampal HT22 cell line: Protective effect of crocetin. Toxicol. In Vitr. 29 (4),  
663–671
 Orrenius, S., Nicotera, P., 1994. The calcium ion and cell death.. Neural Transm Suppl 43, 1-11.
Orton, F., Ermler, S., Kugathas, S., Rosivatz, E., Scholze, M., Kortenkamp, A., 2014. Mixture effects 
at  very  low  doses  with  combinations  of  anti-androgenic  pesticides,  antioxidants,  industrial 
pollutant and chemicals used in personal care products. Toxicol. Appl. Pharmacol. 278 (3), 201–
208. 
Pape-Lindstrom,  P.  A.,  Lydy,  M.  J.,  1997.  Synergistic  toxicity  of  atrazine  and  organophosphate 
insecticides contravenes the response addition mixture model. Environ. Toxicol. Chem  16 (11), 
2415–2420. 
Rai,  N.K.,  Ashok,  A.,  Rai,  A.,  Tripathi,  S.,  Nagar,  G.K.,  Mitra,  K.,  Bandyopadhyay,  S.,  2013. 
Exposure to As, Cd and Pb-mixture impairs myelin and axon development in rat brain, optic 
nerve and retina. Toxicol. Appl. Pharmacol. 273 (2), 242–258.
Rodea-Palomares,  I.,  Petre,  A.L.,  Boltes,  K.,  Leganés,  F.,  Perdigon-Melon,  J.A.,  Rosal,  R., 
Fernández-Pinas, F., 2010.  Application of the combination index (CI)-isobologram equation to 
study the toxicological interactions of lipid regulators in two aquatic bioluminescent organisms. 
Water Res. 44 (2), 427–438. 
Rodriguez,  V.M.,  Carrizales,  L.,  Mendoza,  M.S.,  Fajardo,  O.R.,  Giordano,  M.,  2002.  Effects  of 
sodium arsenite exposure on development and behavior in the rat. Neurotoxicol. Teratol. 24 (6), 
743–750.
Sadiq,  S.,  Ghazala,  Z.,  Chowdhury,  A.,  Busselberg,  D.,  2012.  Metal  toxicity  at  the  synapse:  
presynaptic,  postsynaptic,  and  long-term  effects.  J.  Toxicol.   Available  online: 
http://dx.doi.org/10.1155/2012/132671
Sanders, T., Liu, Y., Buchner, V., Tchounwou, P.B., 2009. Neurotoxic effects and biomarkers of lead 
exposure: a review. Rev. Environ. Health 24 (1), 15–45.
Sarigiannis, D.A., Hansen, U., 2012. Considering the cumulative risk of mixtures of chemicals – a  
challenge for policy makers. Environ. Heal. 11(supply 1), 1-12. 
Scholze, M., Silva, E., Kortenkamp, A., 2014. Extending the applicability of the dose addition model 
to  the  assessment  of  chemical  mixtures  of  partial  agonists  by  using  a  novel  toxic  unit 
extrapolation method. PLoS One 9 (2), 1-10.
Sharma, R.P., Schuhmacher, M., Kumar, V., 2016. Review on crosstalk and commo mechanisms of 
endocrine disruptors: scaffolding to improve PBPK/PD model of EDCs mixture. Environ. Int.  
99, 1–14.
Snyder, J.S., Hong, N.S., McDonald, R.J., Wojtowicz, J.M., 2005. A role for adult neurogenesis in 
spatial long term memory. Neuroscience 130 (4), 843–852.
Stackelberg, K. Von, 2013. Mixtures , Metals , Genes and Pathways : A Systematic Review Methods 
for Research Synthesis. Risk analysis. 35(6), 971-1016.
Teuschler,  L.K., 2007. Deciding which chemical  mixtures risk assessment methods work best for  
what mixtures. Toxicol. Appl. Pharmacol. 223 (1), 139–147. 
Tichy, M., Borek-Dohalský, V., Rucki, M., Reitmajer, J., Feltl, L., 2002. Risk assessment of mixtures: 
possibility of prediction of interaction between chemicals. Int. Arch. Occup. Environ. Health 75 
(supply 1), 133–136. 
Tyler,  C.R.,  Allan,  A.M.,  2014.  The  Effects  of  arsenic  exposure  on  neurological  and  cognitive 
dysfunction in human and rodent studies: A review. Curr. Environ. Heal. reports 1 (2), 132–147.
Vellinger, C., Parant, M., Rousselle, P., Usseglio-Polatera, P., 2012. Antagonistic toxicity of arsenate 
and cadmium in a freshwater amphipod (Gammarus pulex). Ecotoxicology 21 (7), 1817–1827. 
Vermes, I., Haanen, C., Steffens nakken, H., Reutelingsperger, C., 1995. A novel assay for apoptosis.  
Flow  cytometric  detection  of  phosphatidylserine  expression  on  early  apoptotic  cells  using 
fluorescein labelled Annexin V. J. Immunol. Methods 184 (1), 39–51. 
Viaene,  M.K.,  Masschelein,  R.,  Leenders,  J.,  De  Groof,  M.,  Swerts,  L.J.,  Roels,  H.  A,  2000. 
Neurobehavioural  effects  of  occupational  exposure  to  cadmium:  a  cross  sectional 
epidemiological study. Occup. Environ. Med. 57 (1), 19–27.
Vogt, B.L., Rossman, T.G., 2001. Effects of arsenite on p53, p21 and cyclin D expression in normal 
human fibroblasts - A possible mechanism for arsenite’s comutagenicity. Mutat. Res. - Fundam. 
Mol. Mech. Mutagen. 478 (1-2), 159–168. 
Wang, B., Du, Y., 2013. Cadmium and its neurotoxic effects. Oxid. Med. Cell. Longev. Available  
online: http://dx.doi.org/10.1155/2013/898034
Wang, Y.,  Chen,  C.,  Qian,  Y.,  Zhao,  X.,  Wang, Q.,  Kong,  X.,  2015.  Toxicity of mixtures of  λ-
cyhalothrin, imidacloprid and cadmium on the earthworm Eisenia fetida by combination index 
(CI)-isobologram method. Ecotoxicol. Environ. Saf. 111 (2015), 242–247. 
WHO, 2010. WHO  Ten chemicals of major public health concern.
Wu,  X.,  Cobbina,  S.J.,  Mao,  G.,  Xu,  H.,  Zhang,  Z.,  Yang,  L.,  2016.  A review of  toxicity  and 
mechanisms of individual and mixtures of heavy metals in the environment. Environ. Sci. Pollut.  
Res. 23 (2016), 8244–8259. 
Xu, J., Ji, L.D., Xu, L.H., 2006. Lead-induced apoptosis in PC 12 cells: Involvement of p53, Bcl-2 
family and caspase-3. Toxicol. Lett. 166 (2), 160–167. 
Yu, X.D., Yan, C.H., Shen, X.M., Tian, Y., Cao, L.L., Yu, X.G., Zhao, L., Liu, J.X., 2011. Prenatal  
exposure to multiple toxic heavy metals and neonatal neurobehavioral development in Shanghai, 
China. Neurotoxicol. Teratol. 33 (4), 437–443.
